We report 3 cases of durable complete response (CR) in patients with BRAF-mutated metastatic melanoma who were initially treated unsuccessfully with sequential immunotherapies (high dose interleukin 2 followed by ipilimumab with or without concurrent radiation therapy). After progression during or post immunotherapy, these patients were given BRAF inhibitor therapy and developed rapid CRs. Based on the concomitant presence of autoimmune manifestations (including vitiligo and hypophysitis), we postulated that there was a synergistic effect between the prior immune therapy and the BRAF targeting agents. Accordingly, the inhibitors were gradually weaned off beginning at 3 months and were stopped completely at 9-12 months. The three patients remain well and in CR off of all therapy at up to 15 months radiographic follow-up. The institution of the BRAF therapy was associated with development of severe rheumatoid-like arthritis in 2 patients which persisted for months after discontinuation of therapy, suggesting it was not merely a known toxicity of BRAF inhibitors (arthralgias). On immunologic analysis, these patients had high levels of non-T-regulatory, CD4 positive effector phenotype T-cells, which persisted after completion of therapy. Of note, we had previously reported a similar phenomenon in patients with metastatic melanoma who failed high dose interleukin-2 and were then placed on a finite course of temozolomide with rapid complete responses that have remained durable for many years after discontinuation of temozolomide. We postulate that a finite course of cytotoxic or targeted therapy specific for melanoma given after apparent failure of prior immunotherapy can result in complete and durable remissions that may persist long after the specific cytotoxic or targeted agents have been discontinued suggesting the existence of sequence specific synergism between immunotherapy and these agents. Here, we discuss these cases in the context of the literature on synergy between conventional or targeted cytotoxic therapy and immunotherapy in cancer treatment.
Introduction
Treatment of metastatic malignant melanoma is rapidly advancing. Several novel agents have shown superior efficacy and toxicity profiles with improved outcomes in terms of both response and survival compared to conventional chemotherapy. Currently approved agents include: immunotherapeutic agents such as interleukin 2;
1,2 ipilimumab, a monoclonal antibody against cytotoxic T lymphocyte antigen-4 (CTLA-4); 3 and pembrolizumab and nivolumimab, monoclonal antibodies that bind to the PD-1 receptor and block its interaction with PD-L1 and PD-L2, thereby releasing PD-1 pathway-mediated inhibition of the immune response, including anti-tumor immune response 4 as well as vemurafenib, dabrafenib, and trametinib, which are targeted agents for tumors with BRAF mutations; 5, 6 and conventional chemotherapy such as dacarbazine, temozolomide, nabpaclitaxel and similar agents, which have a limited palliative role. 7, 8 Although some of these agents have made a major impact on this disease in terms of survival, most patients are still not cured; and rates of durable complete response (CR) as a prelude to cure remain low in both first-line and second-line settings. 9 The combination of BRAF inhibitors with immune therapy is of great interest, since it combines the high response rate of these targeted drugs with the durability of the few major responses associated with immunotherapeutic agents such as ipilimumab. 3, 10 However, a phase I trial of concurrent vemurafenib and ipilimumab was halted early due to toxicities, mainly severe autoimmune hepatitis. 11 After this observation, concurrent therapy with vemurafenib and ipilimumab was not advised. We previously reported our experience with patients who progressed after high-dose interleukin-2 and then received temozolomide soon after completion of the IL-2. 12 Some of these patients sustained rapid and durable CR to the temozolomide which was subsequently stopped after a finite course of therapy. Some of these responses have remained durable to date (>5 years) off of all treatment, raising the possibility of definitive cure. We postulated that there might be a sequence-specific synergistic effect between the immunotherapy with high dose IL-2 and the subsequent early employment of cytotoxic therapy with temozolomide. Here we present cases of several patients who achieved CR with BRAF inhibitor therapy administered for progressive disease after sequential immunotherapy with high dose IL-2 followed by ipilumumab. We weaned off and eventually stopped the BRAF inhibitor therapy and found that these patients remain in a durable CR. Two of our patients developed marked inflammatory arthritis which persisted long after the BRAF inhibitor therapy was discontinued. Since this was also noted in some of the patients who received a finite course of temozolomide after IL-2, we believe that this may be a manifestation of autoimmunity associated with the antitumor activity.
Case Reports

Patient 1
A 53-year-old female patient was diagnosed with stage IIIC (pTxpN3M0) melanoma involving left inguinal lymph nodes after biopsy in March of 2012. Work-up did not reveal a primary site. She was treated with lymph node dissection with a plan for adjuvant immunotherapy, but she rapidly developed metastatic adenopathy in multiple sites, including her left iliac and right axillary chains (biopsy confirmed in latter site). She participated in a phase II clinical trial with high dose IL-2 followed by intermittent low dose temozolomide. 12, 13 The patient was noted to have BRAF V600E mutation and an M1a pattern of spread; with marked LDH elevation. She received one course of therapy but had marked progression with new sites of disease in multiple lymph nodes, subcutaneous and mesenteric nodules by October 2012. She did develop vitiligo post IL-2 treatment. The patient was then started on ipilimumab, but had marked progressive disease after 2 cycles, as shown by PET/CT in December 2012 (Fig. 1 left) . She developed bone, adrenal gland and splenic metastases, as well as worsening of existing lymph node metastases (M1c pattern). We continued the last 2 cycles of ipilimumab and began concurrent vemurafenib at 960 mg twice daily, given the massive symptomatic disease progression, along with radiation therapy (RT) to the larger masses in the cervical and inguinal regions (30 Gy in 10 fractions). The RT was done both for palliation and for synergism with ipilimumab, as it could theoretically render the tumor more immunogenic. 14, 15 She rapidly achieved a clinical response to vemurafenib (along with a pruritic rash requiring a dose reduction and a brief course of steroids). The patient developed fevers, chills and marked synovitis in a symmetric fashion, particularly in her wrists, hands and feet. She completed a course of ipilimumab, with 4 doses at 3mg/kg every 3 weeks. The patient did not develop autoimmune hepatitis but her vitiligo became more prominent (Fig. 2) and she also developed autoimmune hypophysitis, which required hydrocortisone replacement. She had a transient positive antinuclear antibody test. PET/CT scan in February 2013, 3 months after the vemurafenib therapy, showed CR (Fig. 1, right) . We gradually weaned the vemurafenib for 3 reasons: 1) the arthritis was nearly incapacitating despite dose reduction of the vemurafenib and initiation of celecoxib, 2) the patient had signs of marked autoimmunity, suggesting that there could be a beneficial synergy with the prior immune therapy and 3) in theory, to forestall development of resistance to the vemurafenib. 16 At 3 months, we began treatment alternating one week on then one week off of the agent. Subsequent PET scans revealed persistent CR. She received a total of 12 months of intermittent vemurafenib treatment. Her arthritis did not improve on the weeks she was off therapy and has persisted to date but is gradually reducing in severity over time. She remains in CR at 15 months from the completion of the vemurafenib course.
Patient 2
A 56-year-old female patient was diagnosed with metastatic melanoma after a biopsy of an enlarged left axillary lymph node, noticed on breast self-examination. She had no apparent primary. PET/CT scan showed extensive adenopathy in her left neck, axilla and mediastinum, consistent with an M1a pattern (Fig. 3, Left) . Her tumor had a BRAF V600E mutation. Of note, she had a history of mild systemic lupus erythematosus (SLE), treated with intermittent course of steroids in the remote past. The patient initiated high dose interleukin-2 followed by intermittent low dose temozolomide in a phase II clinical trial. 12, 13 She had stable disease after the first course of therapy by RECIST criteria. During the 2nd course of IL-2, she sustained a water-shed cerebrovascular attack associated with right-sided paresis. The patient recovered completely from this complication but went off study due to this event. In view of persistent disease, she completed a course of ipilimumab, with stable disease. We started vemurafenib and almost immediately noted resolution of her palpable lymph nodes, as well as the development of a symmetric polyarthritis, with synovitis of her fingers and wrists. The vemurafenib dose was reduced 50%, without improvement. She reached CR by PET scan and we began alternating therapy one week on, one week off. Vemurafenib therapy was completely discontinued after 12 months total. Her arthritis gradually subsided over time, and she remains in complete remission 12 months from completion of the vemurafenib (Fig. 3 , Right).
Patient 3
A 56-year-old male was diagnosed with staged T1b melanoma of the right scalp in August 2011. He underwent a wide local excision with negative margins. Three months later, he developed multiple satellite and transit metastases (biopsy-confirmed) over the vertex, in an area about 8 cm in diameter. He had no evidence of distant metastatic disease on imaging and underwent another wide local excision with skin graft placement. Sentinel node sampling in 3 lymph nodes revealed a microscopic implant in one occipital node. PET/CT on 6/13 (right, after vemurafenib) showed the previously described intensely FDG avid lymph nodes and nodules had entirely resolved. The vemurafenib was gradually weaned and stopped by 3/14. She has remained in complete remission to date off therapy.
After a complete right sided posterior neck dissection, he developed additional in-transit metastases, which were resected. Given this propensity for locoregional epidermotropic metastases, we gave adjuvant RT to the affected area but developed new in-transit metastases. The tumor was found to express a V600E mutation. We started systemic immunotherapy with high dose IL-2 but was aborted due to disease progression. The patient was then started on ipilimumab, which was complicated by the development of symptomatic hypophysitis, requiring replacement therapy with hydrocortisone and levothyroxine. PET/CT scan after completion of the ipilumumab course showed progressive disease with new mediastinal lymphadenopathy (biopsy-confirmed). We then began vemurafenib but he developed immediate severe desquamative eruption and therapy was changed to trametinib. The patient reached CR by PET scan 3 months later (Fig. 4) . He developed transient mild arthralgias in his finger and wrist joints. We changed the schedule of trametinib to one week on one off for 6 additional months (9 total), then was discontinued and the patient remains in CR 9 months after the completion of trametinib.
Methods and Materials
Evaluation of peripheral blood T lymphocytes by flow cytometry Peripheral blood was collected into sodium heparin blood tubes. A complete blood count (CBC) was acquired using a Sysmex 1000i TM automated hematology analyzer and blood samples were processed and stained in the Clinical Correlative Immunology Laboratory of the Penn State Hershey Cancer Institute. 100 ml aliquots of whole blood were stained with one of 2 antibody panels; Panel A: CD4-e450 (OKT4, eBioscience), CD8-APC (RPA-T8, eBioscience), CD3-PerCP-Cy5.5 (OKT3, eBioscience), CD45RO-FITC (UCHL1, eBioscience) and CCR7-PE (3D12, eBioscience), Panel B: CD25-APC (BC96, eBioscience), CD127-FITC (eBioRDR5, eBioscience), CD45-APC-Cy7 (HI30, eBioscience) and anti-FoxP3-PE (PCH101, eBioscience). Cells were incubated with antibodies to surface proteins for 15 minutes at room temperature followed by lysis of red blood cells using 10x RBC Lysis Buffer (eBioscience, 00-4300-54) for 20 minutes at room temperature. Cells stained with panel B were further washed, fixed and permeabilized with 1X FoxP3/ Transcription Factor Fixation/Permeabilization buffer (eBioscience) for 20 minutes at room temperature and stained for FoxP3 according to the manufacturer's instructions. Cells were fixed with 2% paraformaldehyde in PBS and data collected within the Penn State Hershey Flow Cytometry Core Facility using a BD FACSCanto II or BD LSR Fortessa flow cytometer. Data were analyzed using FlowJo software. Total cell counts were calculated by multiplying the cell frequency determined by flow cytometry with the total WBC count/ml of blood determined by CBC.
Evaluation of Peripheral Blood T-cells
For patients 1 and 2 enrolled in a phase II clinical trial of high dose interleukin-2 followed by intermittent low dose temozolomide, T-cell phenotype in peripheral blood was evaluated at baseline and after each treatment cycle and then at distant time points post-therapy. CD4C and CD8C T-cell frequencies and surface phenotype were evaluated directly ex-vivo using flow cytometry (Fig. 5) . Patient 1 notably and persistently had a high CD4/CD8 ratio of >3, most likely due to below average CD8 T-cell numbers at most time points (Fig. 6A and B) . Patient 2 showed a normal CD4/CD8 ratio of between 1 and 2 at baseline, during the second course of treatment, and after the clinical trial ( Fig. 6A and B) . Intriguingly, we found that the frequency of effector phenotype CCR7 neg CD45RO C T-cells were similar at baseline in both patients, but was skewed toward effector CD4 C T-cells at post-trial time points (Fig. 6C) . Patient 3, who was not on the clinical trial in which the other patients were enrolled, demonstrated a similar phenotype, with very high levels of effector phenotype CD4C T-cells at the one post-therapy time point assessed. In general, we found that T-cell numbers were increased with IL-2 therapy and returned to baseline levels by the end of therapy (Fig. 6B) , although total T-cell numbers appeared 
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Patient 2 showed an extremely high frequency of CD4CCD25CFoxP3C T-cells post IL-2 cycle 1 of the second course of therapy (Fig. 6D) , although this frequency correlated with an overall drop in CD4C T-cell numbers in the blood at this time point (Fig. 6B) . Intriguingly, the CD4CCD25CFoxP3C T-cell frequencies were reduced in both patient 1 and patient 2 at time points collected post trial relative to initial baseline levels. These results suggest that clinical response may be associated with skewing of CD4C T-cells toward an effector phenotype and away from a regulatory phenotype.
Discussion
The incidence of melanoma is increasing worldwide so it is likely to remain a persistent problem. Melanoma comprises approximately 5% of all skin cancers and is responsible for 80% of all skin cancer related deaths according to WHO. 20 Overall prognosis of advanced metastatic melanoma had been dismal until the recent addition of the checkpoint inhibitors and targeted agents. Despite, the overall poor prognosis for metastatic disease, immunotherapy can result in durable CRs consistent with cure, an amazing feat for a metastatic solid tumor. Interleukin 2 showed a CR rate of 6% and PR rate of 10%, although many of these responses were durable consistent with cure. 21, 22 Because of the quality of the responses associated with cure, HD IL-2 was approved by the FDA in 1998 despite the overall very low response rate. 22 Overall survival was shown to be significantly increased with ipilimumab in 2 randomized, phase III clinical trials. 3, 10 However, the actual tumor response rates were modest with rates between 10 and 17%. As with IL-2, some of the responses were durable, consistent with cure. 3 Pembrolizumab and nivolimumb, which target the PD-1 checkpoint, have shown higher response rates with an ORR of 26%. 23 Of these patients, 88% have had durable responses at a noted median follow-up of 8 months. 23 The combination of ipililimumab and the PD-1 inhibitor, nivolumab, showed better response rates than either agent alone. 3, 24, 25 Although the checkpoint inhibitors alone and in combination have improved durable CR rates, the majority of patients do not experience cure.
BRAF mutations are seen in metastatic melanoma at a relatively high rate (BRAF-V600E is seen in 50% of these patients) and lead to constitutive up-regulation of the mitogen-activated protein kinase pathway (MAPK), potentiating tumor cell growth. 26, 27 Vemurafenib is an FDA approved BRAF inhibitor with high antitumor activity in patients with BRAF mutations based on a phase III trial. 6, 28, 29 Dabrafenib, a fellow BRAF inhibitor has also shown efficacy in treatment of advanced melanoma. 6, 30 Trametinib, which targets MEK downstream of BRAF pathway also has been approved as has the combination of drabrafenib/trametinib. [31] [32] [33] Unfortunately nearly all patients will develop acquired resistance. 28 The combination of BRAF and MEK inhibitors seems to delay this effect but resistance appears inevitable. Combining the high response rate of these targeted inhibitors with the durability of responses to immunotherapy was a logical approach that led to further testing of combined regimens but as mentioned previously was associated with significant toxicities. 11 Our results suggest a possible solution to this problem that involves administration of agents in sequence rather than combining them. We report here that 3 patients with BRAF mutated Figure 5 . Flow cytometric gating strategy for T-cell phenotyping. Aliquots of freshly collected blood were stained directly with antibodies to the markers shown in A and B. In A, live events were first gated using the FSC £ SSC parameters and then the indicated gating strategies were used. In B the lymphocyte fraction was initially gated using the FSC £ SSC parameters. metastatic melanoma treated with sequential immunotherapy starting with high dose IL-2 followed by ipilimumab had symptomatic progressive disease during or soon after immunotherapy. These patients then received targeted therapy with BRAF or MEK inhibitor therapy and enjoyed rapid clinical responses which remained durable long after the discontinuation of these agents. It is well known that with immune therapy, as described particularly for ipilimumab, patients may demonstrate disease progression and then late responses. 3, 10 This observation has led to the use of an alternative to the RECIST system specific for immunotherapy to describe responses. 34 Although the responses observed in our patients may have eventually occurred due to the immunotherapy alone, the rapid clinical responses observed immediately after the start of BRAF inhibitor therapy suggested the latter clearly played a role in initiating a more rapid response. Our patients would have had progressive disease by the immunotherapy criteria. 34 The BRAF inhibitor agents are given until disease progression is observed, which is typically after a finite period of response. Although reported, CRs to these agents alone are fairly uncommon and the weaning and discontinuation of these agents after achieving a CR resulting in continued CR off all treatment is a novel observation to our knowledge. The outcomes suggest that sequence specific synergy occurred.
We postulate that the immune therapy resulted in immune activation against the tumor and was manifested by autoimmunity in the patients but this immune activation was unable to result in complete tumor destruction alone until the addition of the BRAF inhibitor. We had already reported a similar situation in patients who failed high dose IL-2 but who then received temozolomide shortly after progression and who likewise had rapid responses that persisted after discontinuation of the cytotoxic drug lasting for many years to date. 12 Chemotherapy has been noted to alter immune reactions to tumors and may even play a synergistic role at times. 35 This outcome is contrary to the idea that cytotoxic agents would be immunosuppressive, and evidence has accumulated that they can promote antitumor immunity. 12, 36 This may occur by various mechanisms including: release of "danger" molecules 36 or the induction of immunogenic cell death, 37 inhibition of T-regulatory T-cells 38 or myeloidderived suppressor cells. 39, 40 Perhaps, simple cytoreduction with an effective cytotoxic agent may likewise allow the immune system to finish the job so to speak. Cytotoxic agents may also help defeat some of the defense mechanisms of the tumor against the host immune response such as down-regulation of PD-L1. 36 Targeted agents such as the BRAF inhibitor vemurafenib have also been associated with various immune effects. 26, 41 One study suggested that vemurafenib promoted the development of an immune stimulatory microenvironment with increases in CD40L and IFN gamma and that this antitumor effect could be abrogated with CD40L and IFN gamma blockade. 42 Likewise, overall viability of human lymphocytes does not appear to be compromised by BRAF inhibitors. 41 In fact, vemurafenib has since been found to cause an increase in expression of melanoma antigens such as gp100 and MART1 accompanied with a noted increased response in CTL's specific for these antigens. 27, 43 These results suggest that BRAF inhibitors should indeed be synergistic with immunotherapy. Our data supports this contention and suggests that they should be given after immune activation has already occurred rather than before or concurrently as it was done in the Phase I trial of ipilimumab and vemurafenib, 11 where toxicity was limiting.
In general, the purpose of immunotherapy is to produce cytotoxic immune effector cells to kill both tumor cells expressing a specific antigen and also tumor cells within close proximity that may not have similar antigen expression. 36 , 44 Ramakrishnan et al found that the chemotherapeutic agents doxorubicin, paclitaxel and cisplatin increased tumor cell permeability to granzyme B (GrzB), leading to their increased sensitization to CTLs. Upregulation of manose 6 phosphate (M6P) led to increased GrzB uptake. Sequential treatment may be important to achieve a favorable response.
For example if chemotherapy is given immediately after vaccine administration, CTLs may be more effective in terms of elimination of cancer cells due to antigen presentation, stromal disruption and eventual release of GrzB after CTL and tumor cell antigen interaction leading to adjacenT-cell GrzB permeation. 36 In humans, CTLs seem to be more prominent in states of chronic or prolonged infection and may be "antigen-experienced" cells. 45 It has been postulated that lysis of tumor cells releases a significant amount of antigenic contents; leading to a "vaccination in situ" allowing immune cells to continue to target certain cancer cell associated antigens. 27 Dendritic cells may be able to obtain antigens and display them to more effectively activate or re-stimulate the initial immune response. The BRAF inhibitors or cytotoxic agents may be accomplishing this same feat.
All three of our patients had sequential immunotherapy starting with high dose Interleukin-2-based therapy and followed soon after by ipilimumab due to progressive disease. We postulate that there may be synergistic immune activation facilitated by expansion of effector T-cells induced by the IL-2 and then having ipilimumab take out the CTLA-4 checkpoint brake. Following IL-2 administration, for example, ipilimumab had been shown to further increase the immune response toward melanoma cells. 46 Whether a sequence specific synergy between IL-2 and ipilimumab occurs clinically and whether it was needed for the responses we observed remains unclear. It has been postulated by Coventry et al that T regulatory cell suppression fluctuates and that more successful responses to chemotherapy are observed when chemotherapy is given at a point when these cells have increased differentiation. These cell concentrations vary during an approximate 7 day cycle. 47 If one could determine when regulatory cells would be most susceptible to therapy by monitoring CRP levels, chemotherapy could be administered at this time with a hopeful significant response. If this hypothesis is valid, then sequencing therapy may allow one to "catch the wave" so to speak resulting in a more favorable response.
We noticed that 2 of our patients developed severe symmetric arthritis with clinical synovitis after initiating BRAF inhibitor therapy, while the third patient had these symptoms to a lesser degree. This clinical manifestation was very suggestive of rheumatoid arthritis. Vemurafenib has been associated with arthralgias 48 but we had never observed this toxicity to the degree seen in these patients, and the symptoms persisted for many months after discontinuation of the agents. Of interest, we had observed the same arthritic phenomenon in the patients we had previously reported who sustained CRs to temozolomide post IL-2 suggestive of a relationship. As in the patients described here the arthritic symptoms persisted for many months after discontinuation of therapy. Our laboratory studies did note the presence of high proportions of persistent non-T-regulatory effector phenotype CD4C T-cells, suggesting they were cytotoxic CD4C Tcells (Figs. 5, 6 ). Of note, CD4C T-cells can be associated with potent antitumor activity and are also associated with rheumatic conditions. 45, 49 In addition to the arthritis, our patients all exhibited some form of autoimmunity such as hypophysitis and/ or vitiligo. Autoimmunity may be an important consequence of antitumor immunity but can be manageable. 50 We have shown that patients with metastatic melanoma can enjoy durable complete remissions off of all therapy after a finite course of BRAF inhibitor therapy given after an apparent failure of prior immunotherapy suggestive of sequence specific synergy. We previously observed a similar situation with cytotoxic therapy (temozolomide) given post immunotherapy as well. 12 In both situations, patients developed a transient rheumatoid-like arthritis that may persist for some time after discontinuance of the agent. The optimal sequencing and timing of treatment modalities appears to be critical in the treatment of advanced melanoma and our laboratory is conducting ongoing investigations. With the successes of novel immunotherapeutic agents in other forms of cancer, we wonder if this approach may be applicable to other malignancies as well, where cytotoxic therapy specific to the cancer in question delivered after immune activation with immunotherapy may result in better outcomes. For now, it appears that for those patients with metastatic melanoma who develop rapid CR to targeted therapy given after prior immunotherapy, that the targeted agents may be weaned and stopped over time resulting in continued CR off of all therapy.
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